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APPROXIMATE TREATMENT OF V/STOL WALL INTERFERENCE
FOR CLOSED CIRCULAR TUNNELS

By Harry H. Heyson
Langley Research Center

SUMMARY

An approximate treatment of V/STOL wall interference in a circular tunnel indi-
cates that the interference factors at the model for this tunnel should be of the same
order of magnitude as those presently available for a square tunnel of equal cross-
sectional area. There is a greater degree of uncertainty with respect to the lateral and
longitudinal distributions of interference; however, the available results for the square
tunnel should be reasonably close to those of the circular tunnel provided that the model
is relatively small in comparison with the test section.

INTRODUCTION

References 1 to 5 have provided theoretical treatments of wind-tunnel interference
for V/STOL models in rectangular tunnels. As yet, however, there has been no equiva-
lent treatment of such models in tunnels of circular cross section despite the fact that
several such tunnels are regularly used for V/STOL studies both in this country and
abroad.

References 1 to 5 obtained interference factors by the use of an external image
system to represent the flat boundaries of the tunnels. In the case of a circular tunnel,
only limited information can be obtained in this manner (for example, ref. 6); however,
other techniques (refs. 7 and 8) can be used for solution of the complete three-dimensional
problem. A start in this direction was made recently by Michel (ref. 9) who obtained the
interference for a single doublet of arbitrary inclination and location within a circular
tunnel; however, the study of reference 9 was never completed as the integrations
required to extend the results to a complete wake were not carried out.

The present study does not attempt a rigorous treatment of the circular tunnel.
Instead, two square sections of different orientation, the interference in which should
bound the interference in the circular tunnel, are examined. The computed results
should indicate the magnitude of the difference t{o be expected between circular and square
test sections. In view of the approximate nature of the analysis, only centered vanishingly
small models are considered herein.



SYMBOLS

Because of the limitations of the computer-controlled plotter used to prepare the
figures, small variations in these symbols appear in the figures.

Ay momentum area of lifting system

At test-section cross-sectional area

S CRCRC]

Ao = A1 +2Z cos y - X sin
2 1 D X D X

Cy lift coefficient, Lift/qS

D semidiagonal length of square cross section

H semiheight of square tunnel

K function related to induced velocities of wake in free air

m,n integers

q dynamic pressure

R radius of tunnel with circular cross section

S wing area

t integer, equal to zero for lift forces and 1 for drag forces
u,v,w induced velocities directed parallel to X-, Y-, and Z-axis, respectively
ug mean value of longitudinal induced velocity

W mean value of vertical induced velocity

X,¥,2 distances measured along the X-, Y-, and Z-axis, respectively




X,Y,Z Cartesian coordinate axes centered in model and tunnel; X-axis positive
rearward, Z-axis positive upward, and the Y-axis oriented to form a
right-hand coordinate system

6 wind-tunnel interference factor defined in terms of momentum area and
A
mean induced velocity; for example, Aup, = 0y, A_m wo and

A

m
T
Ao change in angle of attack caused by wall interference, radians
X wake skew angle, angle at which wake leaves the model, measured positive

rearward from negative Z-axis to center of wake

Subscripts:

u pertaining to longitudinal velocities
v pertaining to lateral velocities

w pertaining to vertical velocities

D pertaining to drag forces

L pertaining to lift forces

o pertaining to a semi-infinite wake

THEORY

General Approach

The initial solution for a wind-tunnel interference problem was for the circular
tunnel with a model having an undeflected wake (ref. 6). After obtaining the interference
for this case, Prandtl noted that the interference in a square tunnel should be about the
same as that in a circular tunnel of equal cross-sectional area. This assumption was
later borne out when Glauert (ref. 10) obtained an interference factor [defined in this case



AgA
as 0= -WT) of 0.137 for a small model in the square tunnel as compared with the cor-
L

responding value of 0.125 obtained by Prandtl in the circular tunnel.

The situation becomes more complicated when the wake is deflected substantially
downward from the horizontal. References 1 to 5 have indicated that for large deflections
the interference factors increase and, furthermore, that the increase in interference is
largely due to a greatly increased effect of the floor upon the phenomenon. Thus, it might
be expected that the "floor" of the circular tunnel, being concave upward, would further
increase the interference over that for the square tunnel. On the other hand, if the tun-
nels are of equal cross-sectional area (fig. 1), the lower regions of the circular tunnel
are somewhat farther below the model than the floor of the equivalent square tunnel. The
result of this increased distance should tend to counter to some degree the concavity of

the circular tunnel.

If the square tunnel is now rotated 45° (to form what will be termed herein a dia-
mond tunnel), it will be seen that the differences between the two square configurations
are greater than the differences between the square and circular configurations.
(Observe that the diamond section has a greater effective concavity of the floor than the
circular configuration and that the center of the floor is farther from the model in the
diamond section.) The advantage of considering the problem in this light is that the
interference in both the square and diamond sections can be calculated from image sys-
tems with little mathematical difficulty. Once the interference factors for both rectangu-
lar configurations are available, it is reasonable to assume that the interference in the
circular tunnel should lie within these factors. For convenience, the present study takes
the interference factors for the circular tunnel to be the arithmetic mean of those for the

square and diamond sections.

The Deflected Wake

The wake assumed herein is identical to that of reference 3. It originates at the
model, passes downward and rearward in a straight line defined by the angle y mea-
sured from the vertical tunnel axis. In free air, the wake continues to infinity. (See
fig. 2(a).) In the tunnel, however, it meets the lower boundary. At this point (as in the
upper half of fig. 2(b)), the wake is assumed to turn and flow off along the lower boundary.
Although no real wake could behave in such a manner, the wake comprised of the two
linear paths described appears to be a reasonable approximation to the actual curved path
of the wake, at least for conditions which do not result in completely gross distortions of
flow throughout the entire tunnel. (See refs. 11 and 12.)

The wake of the vanishingly small model considered herein is a simple doublet line
wherein the axes of the doublets are inclined according to the induced drag-lift ratio of

4



the model. For convenience, the calculations are performed twice: once with the
doublet axes vertical corresponding to pure lift forces; and once with the doublet axes
horizontal corresponding to pure drag forces. Any arbitrary drag-lift ratio (or doublet
inclination) can then be obtained by an appropriate superposition of the two results. This
model is equally applicable to wings or more complicated devices such as rotors. (See
ref. 13.)

Square Section

For the square test section, the analysis is identical to that of reference 3 and the
interference factors can be obtained directly from that paper. As a computational con-
venience, however, the values given herein were obtained by the use of a subroutine in
the computer program given in the appendix. This subroutine (square) is merely a spe-
cialization of the program given as appendix A of reference 5.

Diamond Section

Induced field in free air.- As noted previously, the wake assumed for the diamond

tunnel is the same as that of reference 3. In the present usage, it is more convenient to
nondimensionalize the expressions for the free-air wake in terms of the semidiagonal
distance D across the tunnel. Thus for the centered model, the vertical induced veloc-
ity due to lift is

Am| 1 XV z
Weo = WO E - E Kw(‘ﬁ,‘ﬁ,ﬁ') (la)
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2 2 2
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Similarly, the longitudinal induced velocity due to lift becomes

Am| 1 Xy z
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and, as a special case, when y = 90°
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In the present derivation, the lateral induced velocities are also required. Thus,
differentiating the free-air potential of the semi-infinite wake of vertical doublets with
respect to y and then nondimensionalizing with respect to D yields

A
_ m) 1 XY z
Voo = W Ap| T v<5,5,5> (3a)
where
zZ Z
= =+ A
Kv(513>=-§'— D _,D71™X (3b)
H 3
D’'D’D) " "Dl\a %A, A %Al
and, as a special case, when y = 909,
yz
Yy z DD X
Ky (—’5,-—, -—) = - ——<2A1 - -—) (3¢)
D'D'D A13A22 D
x = 90°

The corresponding results for the wake of horizontal doublets are: The vertical

induced velocity due to drag is

Am| 1 x ¥ z
= — |- = Ky |, =, = 4
Weo = Up AT T W(D’D’D ( a)
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X Z z X . i
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and, as a special case, when x = 900,

o |
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The longitudinal induced velocity due to drag is

Am| 1 Xy z
=uny — |~ = Ky 2, L, = 5
U 1.10 AT T u(D’D’D) ( a)
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The lateral induced velocity is obtained in a manner similar to equations (3) to
obtain
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Wake in the diamond test section.- Equations (1) to (6) provide only the induced
velocity field of the semi-infinite wake in free air (fig. 2(a)). The field of the system in
simple ground effect, under the present assumptions, can be obtained from the wake and
image system indicated in figure 2(b). The field of the finite segment of inclined wake
may be obtained by summing the fields of two semi-infinite wakes; one starting from the
origin; the other, of equal but opposite strength, starting from the intersection of the
original wake and the ground. The trailing leg of the wake also originates at the inter-
section with the ground and always has a skew angle of 90°.

The images below the ground, which are required in order to satisfy the condition
of zero normal flow at the boundary, can be obtained in the same manner with suitable
transpositions of the origin. Observe that a downwash with respect to the coordinate
system of the image becomes an upwash with respect to the coordinate system of the real

wake.

The wake and image pattern required to produce zero normal flow through the two
planes corresponding to the bottom corner of the diamond tunnel is somewhat more com-
plicated. (See fig. 2(c).) Observe that the symmetries required to meet the boundary
conditions in the corner necessitate three images. Of these three images, the first is
identical to the image in the ground-effect system. The remaining two images lie in a
horizontal plane through the corner. Because of the 900-rotation of these images with
respect to the real wake, it is the lateral induced velocities of the images which contribute
to the vertical induced velocity field of the real wake.

This fundamental cell of four wakes must be repeated in a doubly infinite pattern
(as in fig. 2(d)) to satisfy conditions of zero normal flow through all four walls of the
diamond section. Note that the basic unit of four cells repeats at intervals of 2(m - n)D
in the Y-direction and at intervals of 2(m + n)D in the Z-direction. Thus, by defining
the interference factors as in reference 3, the required superpositions yield

:-_<§ —; KWE)D 2(m-n),——-2(m+nil+ ; E {- wl%-tanx,%-Z(m—n),%—2(m+n)+ﬂ
M=-= n=-<

m=-= n=-

m=n#0

_KW[%,-%+2(m—n),-%+2(m+n)-2]4-Kw%-tanx,-%+2(m-n),-%+2(m+n)-£|

_Kv[%,-%+2(m+n)—1,%——2(m-n)—1]+Kv[:%—tanx,—%+2(m+n)-1,%—2(m—nzl

+KVE)——2(m+n)+1 -—+2(m-n -:l Kv[——tanx,—-Z(m+n)+1--]5+2(m-nil

%-tanx,%-Z(m+n)+1,-%+2(m-ﬂ}) (7)

+ 2tKy E(D—-tan )(,B—Z(m-n),%—Z(m+n)+1:|+2tKv
= 900

x = 90°



where for Ow,L> Ky and Ky are from equations (1) and (3) and t=0. For 6w ,D>
Ky and Ky are from equations (4) and (6) and t = 1.

Sy,- = -%‘ E ZK‘-‘%’%_ 2(m - n),% -2(m +nE| +ZZ{-K‘,[%- tan x,%- 2(m - n),%— 2(m + n) +1:|

m=0 n=0 m=0 n=0
m=n#0

+Ku%,—%+2(m-n),—]—z:)-+2(m+n)—2]—Ku%-tanx,--yﬁ+2(m—n),—lz—)-+2(m+n) —1:]

X _Z ~1,L - -n)-1}- X - -z 1 L. -
+Ku%, D+2(m+n) l,D 2(m - n) ]:l Ku[s tan x, D+2(m+n) I’D 2(m nil

X z y X z y
+KUED,E—2(m+n)+1,-5+2(m-n)-Q_Ku[s—tanx,s-z(ma-n)+1,-E+2(m-nﬂ

900% - tan X:% -2(m - n),% - 2(m +n) + 1:]}) (8)
X =

+ 4tKy

where, for 5u,L’ K, is from equations (2) and t =0, and, where, for 8y p, Ky is
from equations (5) and t = 1.

When the wake passes directly rearward (x = 909), all the terms of equations (7)

and (8) in which the x-dimension appears as % - tan y are zero and may be ignored in

numerical calculations.

When m =n = 0, the first term represents the wake in free air. Observe that this
term is omitted in equations (7) and (8) since it is desired that these equations represent
only the additional interference caused by the walls.

Equations (7) and (8) represent the interference only in a closed tunnel. Equivalent
expressions could be obtained for an open tunnel; however, as discussed in references 1
and 3, the assumptions inherent in the theory for that case would make the results of
dubious validity.

Circular Tunnel

To approximate the circular tunnel, the interferences are assumed to be equal to the
average interferences in square and diamond tunnels of equal cross-sectional area.

For equal areas, wR2 = 4H2 = 2D2 so that

H_\7
R 2
9)
D_\[
R |2

Thus, for any given value of x/R, y/R, and z/R in the circular tunnel, equa-
tions (9) may be used to convert the given coordinates for proper entry into the equations

9



of reference 3 or 5 for the square tunnel or into equations (7) and (8) of the present paper
for the diamond tunnel. After calculating both sets of interference factors, the average
values are assumed to represent the interference factors for the circular tunnel. A
FORTRAN program for performing the calculations is presented in the appendix.

RESULTS AND DISCUSSION

Interference at the Model

Figure 3 compares the interference factors at the model for all three tunnels. At
the higher wake angles, the interference factors for vertical interference are somewhat
larger in magnitude in the round tunnel than in the square tunnel; whereas, the reverse
is true at very low skew angles. This result is in accordance with the previously antic-
ipated trends. The factor for horizontal interference due to lift 5u,L is always some-
what less in the round tunnel and the factor for horizontal interference due to drag ou,D
is always more negative in the round tunnel than in the square tunnel.

Two considerations should be noted carefully when the interference factors pre-
sented in figure 3 are examined. First, an effective wake angle should be used in applying
the results in order to account for the effect of wake rollup on the inclination of the wake
(refs. 13 and 14), and this effective wake angle results in a substantial increase in .
Secondly, it has been shown experimentally (refs. 11 and 15) and theoretically (ref. 12)
that there is a minimum value of y, which can be tolerated in V/STOL testing, beyond
which the flow in the tunnel is so distorted that the measured data become meaningless.
Thus, in a practical sense, it is only necessary to consider the reasonably large values
of y. Under these circumstances, examination of figure 3 indicates that the interference
in the round tunnel will not be greatly different from that in the square tunnel. For most
practical cases, the interference factors will differ by only about 10 percent between the
two tunnels. Thus, if the model is reasonably small, with a span on the order of one-
fourth or one-third of the tunnel diameter, it should be completely satisfactory to use the
interference factors for a square tunnel. Indeed, this procedure is quite attractive since
detailed computer programs applicable to the square tunnel are available. (See refs. 4

and 5.)

At a wake angle of 900, the present result for the square tunnel is 0w, L = -0.545
and for the diamond tunnel is 0y 1, = -0.547. Because of the different definitions of the
interference factors, it is necessary to divide these values by -4 (ref. 3) before comparing
them with Glauert's value of 0.137 for the square tunnel. The aforementioned division
leads to satisfactory agreement with Glauert's result when the differing degrees of
numerical approximation are considered. It is interesting to note that there is no sig-
nificant difference between the interferences in the square and diamond sections when the

10



wake is undeflected (x = 90°). In either case, the interference obtained is within about
10 percent of Prandtl's (ref. 6) exact value of 0.125 for the circular tunnel.

Interference Along Longitudinal Axis

Similar comparisons are shown for the longitudinal distribution of interference
along the tunnel axis in figures 4 to 7. Not all the computed points are shown; the curves
are drawn from calculations made at 29 values of x/R. For typical tail lengths, on the
order of 1/2 R to R, examination of these figures indicates that corrections at the tail
for pitching moment may be somewhat less satisfactory than those at the center of lift if
the factors for a square tunnel are applied to tests in a circular tunnel. The error will
be reduced, however, as the wake angle increases toward 909, and such correction is
obviously superior to no correction at all.

Interference Along Lateral Axis

Equivalent comparisons on the lateral axis of the tunnel are shown in figures 8 to 11.
The curves are drawn from calculations made at 13 values of y/R. In general, the trends
of the distribution over this axis of the factors related to longitudinal interference are
about the same; the major difference being in the overall level of interference. Unfortu-
nately, the interference in the square and diamond test sections tends to produce opposite
trends in the lateral distribution of the interference factors related to the vertical inter-
ference velocity; the differences become greater as the wake skew angle increases. The
approximate solution for the circular tunnel is rather uniform because it is taken merely
as the average of the square and diamond sections. The sensitivity of the result to the
sidewall configuration leaves some doubt that similar uniform results would be obtained
for a finite-span system, the representation of which would require laterally offset ele-
mental wakes (ref. 4). Thus, the present results should be construed as applying only to
lifting systems of small lateral extent.

CONCLUDING REMARKS

An approximate treatment of V/STOL wall interference in a circular tunnel indi-
cates that the interference factors at the model for this tunnel should be of the same
order of magnitude as those presently available for a square tunnel of equal cross-
sectional area. There is a greater degree of uncertainty with respect to the lateral and
longitudinal distributions of interference; however, the available results for the square
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tunnel should be reasonably close to those of the circular tunnel provided that the model
is relatively small in comparison with the test secticn.

Langley Research Center,

National Aeronautics and Space Administration,
Hampton, Va., December 31, 1970.
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APPENDIX

THIS PRGGKANM WAS WRITTEN IN CCC FORTRAN,
SERIES COMPUTEKRS WITH THE SCOPE 3.0 OPERATING SYSTEM AND LIBRARY TAPE.
MODIFICATIONS MAY BE RECUIRED PRIOR TO USE IN CTHER COMPUTERS.

VERSICN 2.1,

TC RUN CN CDC 60CO
MINCR
THIS PROGRAM

HAS BEEN FOUNL SATISFACTORY ON THE AFOREMENTICNED CCMPUTERS WHICH CARRY THE

ECUIVALENT GF AFFRCXIMATELY 15 DECIMAL DIGITS.

COMPUTERS OF LESSER PRECISION

FORTRAN PROGRAM FOR APPROXIMATING THE WIND-TUNNEL INTERFERENCE
FOR A SMALL MODEL IN A CIRCULAR TUNNEL

MAY RKEQUIRE MCDIFICATICM TO DOUBLE PRECISIUN IN ORDER TO OBTAIN RESULTS OF EQUAL
NUMERICAL ACCURACY.

CCMPUTES THE
<CIAMCAL>

MADE

TWC SUBROUTINES ARE USED.
FRUGKAM GIVEN AS APFENDIXES A ANC ( OF NASA TECHNICAL MEMORANDUM Xx—1740.
INTERFERENCE FACTORS FCR A SQUARE,
IS 2 FCRTRAN COCINC OF EQUATIONS (7) AND (8) OF THE PRESENT PAPER,
COCNVERSIUNS BETWEEN NCNCIMENSIONALIZATIONS WITH RESPECT TO R,

THE REQUIKELC INPLT,

IN THE APPRCPRIATE RCUTINES.

CLOSEC TEST SECTICN.

ANC D ARE

FJUNC AT ALDRESS 1 IN FORMAT 103

SUBROUTINE <SQUARE> IS A MODIFICATICN OF THE

v

(LINE

(A 40))y CUNSISTS CNLY OF THE X—p Y-, AND Z-DISTANCES FROM THE MCDEL TO THE

FUINT AT wHICKF TtE
MLST BE

SECTLON.

e Nal

[aN el

o0

[aN e

24

PROGRAM KULLAG (INPLT,ULTPUT ,TAPES=INPUT,TAPEG=0UTPUT)

CLMMUN XUVERF ,YOVERF,ZOVERF ,DELTA(4)
ULIMENSIEN CELTALI4),CELTA2(4)NAME(4),C{L1)
DATA (NAME(1)41=144)/1CHFDELTA(W,L) o, 1OHCELTA(U L), 1ORDELTA(W,LC),10F

LDELTA(U L)/

DATA (C(I)sl=1911)/-34934910e9200330494Ce950e96Cay70.980.495C./

REALC (5,1C2) XCVERR,YOVERRyZOVERR
IF (LOF,5) 96G,2
PI=3.1415G2€525€G17S

HCVERR=SCRT( Fli/4.)
XCVERH=XLVERR/FCVERR
YUVERHM=YLVERR/FCVERR
ZUVERH=ZUVERR/FLVERE

WwRITITE (€y148) XOVERR,YLVERR,ZUOVERR
WRITE (6,15C)

00 41 K=1,411

WRITE (64149) C(K)

DO 20 1I=144
DELTA(I)=CELTAL(I)=CELTA2(I)=C.

CALL SCQUARE (C(K))

OU 3 I=1,4
DELTAL(T)=CELTA(IL)

CALL DIAMCALC (C(K))

INTERFERENCLE FACTCRS ARE REQUIRED.
NCND IMENSICNALIZEC WITH RESPECT TU THE RADIUS OF THE CIRCULAR TEST

ALL THREE DISTANCES

SUBROUTINE

32)
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APPENDIX — Continued

UC 4 I=l44
DELTAZ(I)=CELTA(I])
4 DELTA(I)=(LELTAL1(I)+DELTA(I))}/2.
WRITE (€,151) (CNAME(T),DELTAL(I ) yUELTAZ{I)4DELTA(I))yI=1,4)
41 CUONTINLUE
GC 10 1
lus FORNMAT (3F1C.3)
148 FOURNMAT (1H1//722X*INTERFERENCE FACTURS AT A PUINT NFAR A VANISHINGL
1Y SMALL MCCEL®*//32X*APPROXINMATE SCLUTICN IN A RCUND CLGSED TUNNEL*
2 //723x%X /R =%F8.3,9X%Y/R  =¥FB8.3511X%Z/R =%F8,3//)
149 FCRMAT (/7&X%CHI =%F7.3/)
150 FCRMAT {22Xx*SCLARE TUNNEL#19XXDIAMCND TUNNEL*15X®AVERACGE (RCULAD TU
INNEL)*/ 2 %5313 (LF=) 919Xy 14(1F=)y 19X 22(1H=))
151 FCRMAT (1CXx4,A1CFl2.442F32.4)
999 STOP
eND

SUBROUTINE LCIAMCNG (ANCL)
CCMMCN XCVERKYCVERFsZOVERK,DELTA(4)
DIMENSICN VI4)
SC=SIN(ANCGL#*0.01745322925199)
CC=COSIANCL*0.C17452292¢5196)
XUVERD=XULVERF/SQRT(2.0)
YOVERD=YOUVERF/SQRT{2.0)
ZOVERC=ZLVERF/SCRT(2.0)
DU 1 I=1,28
1L DELTA(I)=C.C
D0 2 IM=1,7
DO 2 IN=1,7
DG 3 1I=1,4
3 V(I)=0.0
M=2 . %(INM=IN)
N=2 ,*( IN+INV-8)
IF (IM.EW-4-ANC.INGEQ.4) GO TO 4
X=XCVERC
Y=YCVERL-W
Z=Z(VERL-N
A=SCRT(X2X34Y%Y4+7%7)
B=A+Z%CC—Xx*<C
VIL)=(C(XxxxaY2Y )/ (BH*AXAXA) )-((Z+AXCC )/ (B*A) ) *%2
VI2)=V(3)=-(X*2)/ (B*A%xA*A)—(2+A%CC ) #{ X—A*SC)/ (B*B*A%A)
VI4)=(LYRY42%7 )/ (B¥A%ARA) )~ ([ (X~A%SC)/ {B*A) ) *%2
DC 5 I=1,4
5 DELTA(I)=CELTAL{I)+VI(I)
4 IF (ANCL.EC.SC.) CC TQ 6
X=XGVERL-{S£C/CC)
Y=YCVERC—-¥
L=ZCVERL-N+1.
A=SQRT( Xk X+4Y®Y+2%Z)
B=A+Z%CC~-X35(C
VIL)=( (X2 Xx4Y6Y )/ {B*AXA%A) )~ ((Z+A¥CC)/ (B%A) ) %¥2
VI2)=VI3)==(X32)/(BFAXAXA)-{ Z+A*(CC) *( X~A%*SC) / (B*B*A*A)
VIa)=( (YSYH4ZHZ )/ (BHAEARA)I-((X—A*SC)/ (B*A) ) **2
CC 7 I=1,44
7 DELTA(I)=CELTA(I)-VI(I)
& X=XCVERC
Y=—YOVERU +M
{=—ZICVERLC+M-2.
A=SQRT [ X*: x4Y¥XY+2%7)
B=A+Z%(C~-X35C

33)
34)
35)
36)
37)
38)
39)
40)
41)
42)
43)
44)
45)
46)
47)
48)
49)

50)
51)
52)
53)
54)
55)
56)
57)
58)
59)
60)
61)
62)
63)
64)
65)
66)
67)
68)
69)
70)
71)
12)
73)
74)
75)
76)
77)
18)
79)
80)
81l)
82)
83)
84)
85)
86)
87)
88)
89)
SQ)
91)
92)
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13

12

14

15

APPENDIX — Continued

VIL)=( (X x4YEY )/ {B2AXAXA) ) - ((Z+A*CC)/ (B*A) ) %¥2

VI2)=VI3)=—(X4Z2)/(B*A*AXA) - ( Z+A*CC ) ¥ X—A%SC) /(B¥BxA*A)

VG )=( {YRYHA2*¥Z )/ (BAA*ARA) )= ({X—A*SC)/ (BAA) ) %%x2
DO 8 I=1y4

DELTACI)=CELTA(I)#((—-1.)*%])*V(])

IF (ANCL.EC.SC.) GC 70O 9

X=XCVERL-(SC/CC)

Z=0+1.

A=SCRT{X*X4Y*Y12%7)

B=A+7#%CC—-X*SC

VL) =( X x4Y%Y )/ (B*A%xA%A) )= (({Z+A%CC)/(B*A) ) *%2

VI2)=VI(3)=-(X22)/(BAA%AXA) - (Z+A*CC ) ¥ ( X—A*SC) /7 (B*BRAXA)

Vg )=( (YRY42%Z2 )/ (BAAXAXA) )~ ( (X—-AXSC)/ (B*A) ) %%2
OC 10 I=1+4

DELTA(I)=CELTA(I)-{(=1.)2x])*v(])

X=XCVERLC

Y=-=/0OVERL+A-1.

l=YUOVERL-PV-1.

A=SCRT{X*X4Y*Y+72%7)

B=A+2*CC—Xx*S(C
VIL)=—YR(Z4A%CC )/ (ARAXBXB)I-YFL/ (BEAXARA)
V2)}=—(X*2 )/ (B*A%AXA) - ( Z+A*CC) *(X—A%XSC )/ (B*B*A%xA)
VI3)=—YX(X-A%SC )/ (ASA*B*B)—Y%X/(B*AXA%XA)

VI =((Y*Y+2%72 )/ (B#A%AXA) )~ ((X-A%SC)/(B*A) ) **?
DC 11 I=1.4

DELTA(I)=CELTA(I)+{(-1.)*x]1)2V(])

If (ANGL.EC.9C.) GC TO 12

X=XCVERL-(SC/CC)

I=7+1.

A=SQRT(X*¥X4YEYSI%7)

B=A+2%C(—X3#SC

VIl )=—Y¥(Z+A¥CC )/ (AXAXBR%*B)-Y %7/ (B¥A¥A%A)
VI2)=—(Xx%2 )/ {BE3IARAXA)-( Z+AXCC )X X—AXSC )/ (B*B*A%A)
VI{3)=-Y2(X-2%xSC)/ (ASA%XB*B)-Y*¥X/ (BEA*A*A)
VI4)=((YY4Z%2)/(B2AXA%XA) ) - ({X—~A%SC)/{B*A)) %*%2
CCG 13 I=1,44

DELTA(II=CELTA(L)-({(-1.)**1)*Vv(I])

X=XOVEREL

Y=ZCVER[—N+1.

Z=-YUVERD+M-1.

A=SCRT (XEXAYRY4Z%]7)

B=A+2%(CC—Xx*<C
VILl)=—-Y%(Z+A%CC )/ (A2AXBRB)-Y*Z /(B¥AXAXA)

V(2 == (X662 )/ (E*pxA%A)—(Z+AFCC)X(X-AXSC ) /(BB *A%A)
V{3 )=—Y*( X-AXSC )/ (AFAXBXB)—Y*X/(B¥AXAXA)
VIG)=({YRY+2%7 )/ (BRAXAXA) )= ((X—A%XSC)/(DB*A) ) %%2
DO 14 I=1,4

CELTA(I)=CELTA(L1)+VI(I)

IF {ANCL.EC.9C.) GC TQ 2

X=XOVERC—-{£C/CC)

I=7+1.

A=SCRT (X% Xx4Y%XY+2%7)

B=A+Z%CC—-X#*SC

VIL)=—-Y*(242%(C)/ (ARAXB*B)-Y ¥/ (B*AXA%XA)
VI2)=—(x2Z )/ {R*A%AXA) - Z+AXCC ) * (X—AXSC )/ (B*B*A*A)
VI3)=—Y*(X-A*SC)/ (AXAXR*B)}-YEX/ (B*A%XA%A)
VIG)=({YEY+227)/(BXARAXA) ) — [ (X—-A%SC )/ (B2A) ) %%2
0C 15 I=1,4

DELTA(L)=LCELTA(TI)-VI(I)

Y=YOUVERLC—¥

I=7_LVERL—N+1.,

A=SCRT{XEX4YSY4Z%7)

93)

34)

35)

56)

S7)

98)

99)
100)
101)
102)
1C3)
104)
105)
106)
107)
108)
109)
110)
111)
112)
113)
114)
115)
116)
117)
118)
119)
120}
121)
122)
123)
124)
125)
126)
127)
128)
129)
130)
131)
132)
133)
134)
135)
136)
137)
138)
139)
140)
141)
142)
143)
144)
145)
146)
147)
148)
149)
150)
151)
152)
153)
154)
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APPENDIX — Continued

8=A-X

VI3)=L/{A®A%A)

VI4)=X/(A®Ap*A)

CC 16 1=3.,4
DELTA(I)=CELTA({)+4.2V(])

CONTINLE

DO 1S I=1,4
UVELTA(I)=-CELTAL1)/3,1415926535€8979
RETURN $ENC

SUBROGUTINE SQLARE (ANGL)

CCMMON XUVEREF 4 YCVERK,ZOVERH,CELTA(4)
DIMENSICN V({3,S9),ACEL(4)
SC=SIN(ANCL#*0.0174532625199)
CC=COS{ANGL*0.C174532925199)

6= ZCVERF+1.
18=~16
Z7=28-1.

DC 8 Jl=144
DELTA({J]1)=C.

DG 10 M=1,17

DO 10 N=147

IF (N.EC.4.ANC.M.EQ.4) GO TO 10
DC 11 J1=1,3

DO 11 J2=1,9

V(JlsJ2)=0.

DO 12 Jl=1.,4

ADEL{(J1l)=C.

AM=M—4

AN=N-4

X= XOVERH

Y= YCVERH-2.%AN

= (ZGVERH—-4 .*AN)

A=SCRT {X¥X4Y%Y$7%7)
B=A+Z*CC—X*5C
VILel)={{X%Xx+Y$Y )/ (BRA*AXA) )~ {(Z+AXCC) /(B*A) ) ¥%2

VI2,1)=—{X*2 )/ (B*A*ARA)—(Z+A*CC)*(X—-A¥SC)/ (BXB*A%A).

VI3,1)=0(Y3Y+242) /(B*¥A%A*XA)})-((X—A%XSC)/{B*A}))%¥%2
I=—-1-2.

A=SQRT (X% x4Y*Y+7%*7)

B=A+Z%CC-X*SC
VI1e3)={{Xx#¥X4YHY)/(B*AXAXA) )—({Z+A%CC )/ (B*A)) *%2
VI2¢3)=—(X3Z)/(B+ABA*A)—(Z+A*CCI*(X-A%*SC)/(B*B*A%A)
VI3,3)=((Y2Y+2%72)/ (BE#A%A%A) )-((X—A*SC)/ (B*A) ) *%2
IF {ANGL.EC.SC.C) GO 7O 13

x=X-(SC/7CC)

I=-1-1.

A=SCRT (X% XxtY#Y+Z%7)

B=A+Z*(CC—X*S(
VILe2)=(Ux*x4Y3Y ) /(B¥A%AXA) )—((Z+A%CC I/ (B*A) ) *%2
VI(242)==(X%Z )/ (BRAXAXA)~(Z+ABCCI*(X-A*SC)/{BE*B*A%A)
VI342)=((YRY+I*Z2}/(B*AXAZA) )—((X—A%SC)/ (3%A))*=2
B=A-X

VIL45)=({Xx¥Xx4Y3Y )/ (BFARAXA) )-{Z/(B*A) ) %2
VI2e5)=2/(A%A%4)

VI3,5)=X/(F%A%7)

I=-1

B=A+Z*(CC—Xx*S(C

VILy4) = ((X3X4YXY )/ (B#A¥AXA) ) (Z+A¥CC )/ (B¥A) ) *%2
VI234)=—(X*Z )/ (BRA*AXA )~ (Z+AXCCI¥(X-AXSC)/ (B*B*AXA)

155)
156}
157)
158)
159)
160)
161)
162)
163)

164)
165)
166)
l167)
168)
169}
170}
171)
172)
173
174)
175)
176)
177)
178)
179)
180)
181)
182)
183)
184)
185)
186)
187)
188)
183)
150)
191)
192)
193)
194)
1s85)
156)
167)
198)
199)
2C0)
201)
2C2)
2C3)
2C4)
205}
206)
201)
2C8)
209)
210)
211)
212)
213)
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APPENDIX — Concluded

VI394)=({(YIVH2¥Z )/ (B¥A*A¥A) )= ((X—A*SC )/ (B*A) ) %%2
ADEL(L)=Vv{141)-Vv{1,2)-V(1,3)4V(1,4)
ADEL(2)=VvI2,1)-VI2,2)4V(2,3)-V(2,4)

ADEL(3)=V (241 3-VI12,42)-VI(2,3)4VI(244)+2.%V(2,5)
ACELIG)=V(Z241)-V(3,2)+V(3,3)-V(3,4)+2.%Vv(3,5)

DO 14 Jl=144

DELTA(JL)=CELTA(JLI+ADEL(J1)

CONTINUE

X= XGVERH
Y= YGVERH
=17

A=SCRT{XEX+YRY+2%7)

B=A+Z%C(-X*SC

VIL 7)== xxXx4Y#Y )/ (BEAXAXA) )~ (( Z+A*CC )/ (BHA) ) ¥%2
VI2,7)=—(X32)/(B*¥ASARA) (2 +ARCC)I*(X-A%SC)/(B*BXA%A)
VI397)={{Y*Y+2%2)/(B*A¥RARA) )~ { [ X—=AXSC )/ (B*A) ) *%x2
IF (ANGL.EC.SC.C) Ca TO 16

X=X—-(SC/CC)

I=16

A=SCRT (X*¥X4Y¥Y+2%7)

B=A+2¥(CC—-x%SC

VILls6)={( XAX+YAY )/ (P*ARKAXA) )-{( Z+AXCC )/ (B*A) ) ¥%2
VI2:6)=—(X%2)/(B*A%A%A)—(Z+A*CCI*(X~A%SC)/ (B*BEAXA)
VI396)=((VYEY4+2#2)/(B*AXAXA) ) -({(X-A%SC )/ {B*A) )*%2
B=A-X

VELe9)={( XEX+YRY ) /(BXAXAXA) )~ (Z/(B*A) ) ¥*2
VI2+:9)=2/(22A%))

VI(3,9)=Xx/(t¥p%p)

L=18

B=A+2%(C(~X3SC

V1l e8)=({ XXx4V¥XY ) /{(BXAXA%XA) )~ ({ Z+AFXCC I/ (BRA ) )¥*2
VI2,8)=—(X32)/(B*A%AXA )~ (Z +A*CC ) ¥{ X~A*SC)/(B*BEAXA)
VI3:8i=({YRY4ZFZ )/ (BEAXAXA) )—-((X—A#SC )/ (B*A) I %¥2
ADEL{1)=-V(1,€)-V{1,7)+V(1,8)
ADEL(2)=-VI{2,€}4V{(2,7)-V(2,8)
ADEL(3)=—V{24€)=V{2:s7)+Vv(2,8)+2.%2V{(2,9)
ABEL{4)=-V{2,€)+V(3,7)-V(3,8)+#2.%V(3,9)

DO 17 Jl=1l,4

DELTA(JL1)I=CELTA(JL)+ADEL(J])

AMT=-2. /3.1415G2653589179

DO 19 Ji=1.+4

DELTA(JL)=AMTRCELTA(J])

RETURN

END

214)
215)
216)
217)
218)
219)
220)
221)
222)
223)
224)
225)
226}
227)
228)
229)
230}
231)
232)
233)
234)
235)
236)
237)
238)
239)
240)
241)
242)

243)

244)
245)
2406)
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Figure 1.- Comparison of square, diamond, and circular test sections of equal
cross-sectional area.



(a) Wake in free air.

Real wake
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Image wake

(b) Wake and image in ground effect.

Figure 2.- Wake and image systems used in developing interference factors
for a diamond test section.
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(d) Central portion of reflection system used to obtain interference factors in a

diamond test section. Real tunnel is darkened.

Figure 2.- Concluded.
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Figure 3.- Interference factors at model centered in tunnel.
Symbols show the shape of test section.
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Figure 5.- Distribution of interference factors over longitudinal axis of

tunnel. Shape of symbols denotes shape of test section. y = 30°.



22 -1 0

X/R

N N Ty = 1 :%_—_:____._—_::%‘:

X/R

Figure 6.- Distribution of interference factors over longitudinal axis of tunnel.

Shape of symbols denotes shape of test section. y = 600°.
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Figure 7.~ Distribution of interference along longitudinal axis of tunnel. Shape of
symbols denotes shape of test section. y = 90°. (Note that for this skew angle,
symmetry demands that &y 1, = 6w p = 0.)
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